Abstract: Density functional theory was employed to investigate a series of phthalocyanine derivatives, discovering the limitation when the expansion of the conjugated system was employed to improve the hyper-Rayleigh scattering response coefficient. Furthermore, an unusually C ∞v -type octupolar population was found by electrostatic potential analysis. In addition, the dynamic and static hyper-Rayleigh scattering responses ( βHRS) were simulated using the coupled perturbed density functional theory, showing an increasing dynamic βHRS value along with an increase in incident light energy.
Introduction
Nonlinear optical (NLO) materials have been intensively studied in recent decades because of their extensive applications in the fields of all-optical switching, optical information storage, laser frequency conversion devices, ultrafast modulators, and optical sensors.
1−5 However, traditional inorganic materials still have some obvious drawbacks, such as low response coefficient, long response time, normal laser-damaged threshold, and difficulty in substitution. 6 Fortunately, these limitations can be easily overcome when employing organic dipolar/octupolar molecules, leading to a new family of organic NLO materials.
7
Essentially, the nonlinear optical effect is caused by the periodic vibration of the intramolecular electronic field driven by the external electromagnetic field. 8 A high-performance second-order nonlinear optical molecular material must possesses 2 factors, adequate free π electrons and a broad oscillating space. 9 Phthalocyanines (Pcs) were widely studied in the past century because of their special macrocyclic electron-delocalizing structures, which just meet these 2 factors. 10 In addition, the ease of peripheral substitution renders the phthalocyanine ring a representative skeleton to investigate the relationship between the second-order nonlinear optical effect and electron-donating/-withdrawing substituents.
11
In the present study, density functional theory (DFT), 12 time-dependent density functional theory (TD-DFT), 13 and coupled perturbed density functional theory (CP-DFT) 14, 15 were used to investigate the linear and nonlinear optical properties of Pc/Por and their derivatives. The ratio of dipolar/octupolar contribution, the harmonic light intensity as a function of the polarization angle by polar representation, and the intramolecular electronic density oscillation driven by the external electromagnetic field were also calculated in order to clarify the nonlinear optical nature of functional Pc molecular materials.
Results and discussion
In the present paper, a series of Pc derivatives are indicated in Scheme 1. According to the electronegativity order, the peripheral substituents are selected from -CH=CH 
Linear optical properties
We calculated the linear optical properties of a series of Pc derivatives. As shown in Figure 1 , the UV-vis spectra can be divided into 3 areas according to different electron transition models.
The series of B 2 R n is chosen as the representative to investigate because of their high second-order nonlinear optical response coefficient, shown in the following part of this paper. The absorption band in Region I from 650 to 720 nm is mainly a result of the π − π * electron transitions of HOMO →LUMO/LUMO+1, which is assigned to the Q bands ( Figure 2 ). It is worth noting that along with the expansion of the conjugated system from B 0 , B 1 , B 2 , to B 3 , the Q bands are significantly red-shifted due to the decrease in the gap between HOMO and LUMO/LUMO+1. In addition, the absorption band of Region II from 270 to 370 nm mainly comes from the π − π * electron transitions from the core-level occupied orbitals to LUMO/LUMO+1. As can be seen in Figure 2 , the corresponding electron densities transfer between the peripheral benzene and the central Pc ring. This kind of electron transfer only occurs in the B 3 R n skeleton, which possesses enough fused benzene rings. 
Size effect
As shown in Figure 3 , the β HRS value of the analogues B n R 5 increases with an increase in the peripherally conjugated systems, from 1365 a.u. for B 0 R 5 , 7655 a.u. for B 1 R 5 , to 10,496 a.u. for B 2 R 5 , revealing a moderate trend upward. However, it is worth noting that the β HRS value decreases to 7478 a.u. for B 3 R 5 along with a further increase in the peripherally conjugated skeleton, showing the limit when the expansion of conjugated system is selected to improve the hyper-Rayleigh scattering response coefficient.
According to previous research, the NLO response is to a large extent dependent on π electron delocalization and flowability. Therefore, expansion of π conjugated systems could increase the number of free π electrons and then enhance NLO response. When the conjugated part is large enough with ample free π electrons, the electron-transferring pathway will be too long to further improve the β value. In addition, excessive conjugation will also limit the electron oscillation because an increased external driven force provided by the external electronic field is required. Consequently, excessive conjugation will take disadvantage of enhancing the NLO response. Similar cases were also found in the investigation of subphthalocyanine. 
Substitute effect
According to the calculation results, the β HRS value first increases from 270 a.u. for B 3 R 1 , 5958 a.u. for B 3 R 2 , to 10747 a.u for B 3 R 3 , showing the direct relationship between the electronegativity of the peripheral push-pull substitutes and the second-order NLO response coefficient. This relationship is in agreement with the normal viewpoint. Nevertheless, for B 3 R 4 and B 3 R 5 , the β HRS decreases to 3809 a.u. for B 3 R 4 and 7478 a.u. for B 3 R 5 . It is worth noting that the electronegativity difference between R 4 and R 5 is indeed stronger than that between R 1 and R 3 . However, the geometries of -NHMe and -ONO 2 are too special to construct a pure dipolar moment, yet leading to an electrostatic potential system with a strong octupolar moment. To visualize this octupolar moment, the electrostatic potentials (EPs) of the whole series of B n R 5 (n = 0, 1, 2, 3) were also calculated (Scheme 2). When -NHMe/-ONO 2 are introduced onto the periphery of the phthalocyanine ring in an unsymmetrical manner, the EPs are also asymmetrically distributed in the space near the molecule. As can be seen, the negative polarization (red) and the positive polarization (yellow) are alternately arranged, where the negative polarization area is close to the groups of -ONO 2 and the central conjugated ring; meanwhile, the positive polarization area is nearly spread all over the isoindole fragments and the groups of -NHMe. In summary, a (-)-(3+)-(3-)-(+) distribution is formed from this unusual population, which is a C ∞v -type of octupolar moment. To further explore the evolution of dipolar/octupolar of these Pc derivatives, a polarization scan of HRS intensity was also carried out. For all the Pc derivatives, the normalized HRS intensity (I Figure 4 . Along with the electronegativity and conjugated skeletons change, an apparent evolution of dipolar/octupolar occurred from B 3 R 1 to B 3 R 4 . As can be seen, nearly half of these series of Pc derivatives can be considered dipolar molecules with the dipolar contribution Φ(β J=1 ) ≥ 50%, while the others possess more than 50% octupolar contribution.
Dynamic hyperpolarizability: dispersion effect
In order to explore the effect of frequency dispersion, the dynamic perturbations were also calculated at the same level. Four fundamental optical wavelengths with λ = 1907, 1460, 1340, and 1064 nm used in NLO measurements were employed to research the dispersion correction contribution to the NLO response using Eq. (7) (shown below). All the dynamic β HRS value of each molecule versus its static β HRS value is shown in Figure 5 In order to further explore the nature of the second-order NLO effects, we simulated the behavior of the molecule driven by the external electromagnetic field, which could visually provide the details of electron density flowing paths.
As shown in Figure 6 , the electron density appears as a complete oscillation. When the value of the electric field is periodically changing, the electronic density is also forced to transfer from one side to another side of the molecule, revealing the excellent mobility of the free π conjugated electrons. When the energy of incident light increases, the driving force on the free π electrons also increases, which is related to the fact that the dynamic β HRS value at the high incident light energy is larger than that at the low incident light energy. In conclusion, based on the density functional theory, the hyper-Rayleigh scattering response coefficients of a series of phthalocyanine derivatives were calculated, discovering the limitation when the expansion of the conjugated system is employed to improve the hyper-Rayleigh scattering response coefficient. Furthermore, an unusually C ∞v -type octupolar population was found by potential analysis, showing the octupolar contribution to the second-order nonlinear optical responses in these functional phthalocyanine materials. In addition, both the dynamic and static hyper-Rayleigh scattering responses (β HRS ) were simulated using the coupled perturbed density functional theory, showing an increasing dynamic β HRS value along with an increase in incident light energy.
Experimental

General theory about second-order nonlinear optical responses
Champagne and co-workers developed an effective method to evaluate the hyper-Rayleigh scattering (HRS) response β HRS (-2ω ; ω , ω) , 18−20 which is described as
where ⟨β 2 ZZZ ⟩ and ⟨β 2 XZZ ⟩ are the orientational average of the molecular tensor components, which can be calculated using the following equations: 
Furthermore, the molecular geometric information is given by the depolarization ratio (DR), which is expressed
To further investigate the nature of the symmetric Rank-3 β tensor, < βHRS 2 > can be decomposed as the sum of the dipolar ( βJ = 1) and octupolar (βJ = 3 ) tensorial components, which are shown as
x,y,z ∑ Moreover, assuming a general elliptically polarized incident light propagating along the X direction, the intensity of the harmonic light scattered at 90
• along the Y direction and vertically polarized along the Z axis are given by Bersohn's expression:
where the orientational average 
However, the above formulae are valid only in the off-resonance region. In the resonance region, the damping parameter, λ, should be taken into consideration using the following equations:
where β 0 stands for total second-order NLO response coefficient, ω 0 stands for top wave length at the absorption peak, G stands for Gaussian width, y stands for the length behind the peak, and ω stands for excitation wavelength.
Density functional theory calculations
As early as in 2000, Champagne and co-workers pointed out that the conventional DFT methods present serious drawbacks when evaluating the linear and nonlinear electric field responses of push-pull π -conjugated systems.
21
Fortunately, the range separated hybrid functional CAM-B3LYP, which combines the hybrid qualities of B3LYP
and the long-range correction, 22 has been proposed specifically to overcome the limitations of the conventional density functional according to Yanai and therefore has become a good candidate for the evaluation of the NLO properties of molecular materials. 
